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Heterogeneous deformation has been widely proven to provide extra strengthening in heterostructured metallic
materials. However, the explicit modelling of underlying plasticity mechanisms at both grain and sample levels
remains a challenge for the scientific community. For this reason, the research presented here reports on the
development and testing of a novel non-local crystal plasticity finite element model to simulate the deformation
of heterostructured metallic materials. This model explicitly includes geometrically necessary dislocations
(GNDs), back stress hardening, a damage criterion and does not rely on a homogenisation scheme. This approach
enables the numerical investigation of dislocation-mediated plasticity simultaneously at both grain and sample
levels. The model was validated against experimental data when simulating the deformation of a bi-layered high
entropy alloy (HEA). The obtained results aligned well with experimental findings. In particular, the simulations
confirmed that shear bands (SBs) preferably propagate along grains sharing similar orientation while causing
severe grain rotation. In addition, for the pair of grain sizes considered here for the bi-layered HEA i.e., 14 pm
and 46 pm for the finer and coarser layers, respectively, GNDs did not tend to pile up at the interface between
these layers but at the grain boundaries instead. It is suggested that this study provides a solid theoretical
framework for the future design of heterostructured metallic materials to achieve optimal strength-ductility
balance and to predict potential crack nucleation sites and SB evolution in such materials.

1. Introduction this case, an applied uniaxial strain is converted into multiaxial strains,

activating multiple slip systems and encouraging dislocation hardening.

Metallic heterostructured materials consist of multiple zones of
different metals or of various phases of the same constituent. These
zones typically display different grain sizes and significant variation in
their mechanical properties [1,2]. While conventional metallic materials
can be engineered to exhibit some degree of heterogeneous micro-
structure, the distinguishing characteristic of heterostructured materials
lies in the significant synergistic effect that results from the interactive
coupling of their heterogeneous zones. Heterogeneous laminate,
gradient, bi-modal grain size distribution and metal matrix composite
structures are examples of such class of materials [2]. The mechanical
properties of metal heterostructured materials largely exceed those
predicted by the rule-of-mixtures of the properties of individual
constitutive zones [2]. Under load, such materials also exhibit important
hetero-deformation induced (HDI) synergistic strengthening [2]. Many
studies have revealed that geometrically necessary dislocations (GNDs)
are essential features of the micromechanics of heterostructured mate-
rials subjected to various loading conditions [3-5]. Heterostructures
lead to strain partitioning between the harder and softer regions and in
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SBs are also considered as an important feature of strain localisation in
heterostructures [6-8]. The microstructure of such materials dominates
the deformation mechanisms and the resulting macroscopic mechanical
response [2]. For this reason, understanding the deformation mecha-
nisms at play and their contribution on the microstructural level is key to
correlating microstructure with mechanical properties. However,
existing investigations towards this endeavour have been mostly
experimental and primarily focussed on the processing and macroscopic
mechanical behaviour of heterostructured materials [9]. Thus, it is
argued that there is a need for complementary simulations and theo-
retical studies for the further understanding of underlying microscopic
mechanisms with a view to identify the influence of separate hardening
effects, as such phenomena are not easily accessible and observable
separately through experimental methods.

To complement experimental research [10], numerical methods
stand as a valuable tool for quantitatively establishing connections be-
tween microstructure and the macroscopic mechanical response of
heterostructured materials, as well as for fine-tuning their
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microstructural arrangement. Furthermore, the plastic deformation of
heterostructured material contains complex interactions coupled across
various length scales. This scale-coupling calls for multiscale frame-
works to effectively investigate the mechanical behaviour of such ma-
terials. Therefore, the systematic investigation of dislocation behaviour
within heterostructures is an important scientific endeavour, which
entails conducting thorough numerical investigations coupling multiple
mechanisms. Different numerical tools at various length scales have
been adopted by the research community to attempt such studies on
heterostructured materials, such as discrete dislocation dynamics (DDD)
[11,12] and molecular dynamics (MD) [13]. However, conventional MD
simulations encounter two major challenges when investigating dislo-
cation behaviours. Firstly, the high strain rate nature of MD simulations
often lacks relevance to the grain-level dislocation motion typical of
heterostructured materials under quasi-static loading. Secondly, current
studies have primarily focused on limited examples of dislocation mo-
tion due to computational costs. For example, the largest grain size
adopted was 105 nm in [14], which is smaller than the range of grain
size typically considered in heterostructured materials. Furthermore, in
DDD simulation, plastic deformation is usually constrained to be smaller
than 3 %, restricting the range of investigations on strain hardening
behaviour under larger deformation [11]. Thus, while informative,
these studies have limitations for providing a comprehensive under-
standing of dislocation behaviour on larger spatio-temporal scales.
Simulating and understanding the contribution of individual mecha-
nisms towards overall strain hardening requires a comprehensive nu-
merical framework. Theoretical methods [15-18] and homogenised
FEM modelling [19] have been used to generalise stress and strain re-
lationships in samples with grain size gradient. In particular, the internal
damage in a Cu-based heterostructured laminate was investigated in
[20] using a homogenised modelling method. However, this study pri-
marily focused on establishing correlations between sample-level me-
chanical responses and the microstructure without modelling grains
explicitly. Although applying an homogenisation scheme is an efficient
way to investigate the effects of multiple deformation mechanisms
[21-24], it does not allow for a comprehensive understanding of the
spatial distribution and evolution of deformation characteristics for each
grain, and consequent effects on the local extra strength.

Despite extensive numerical work reported on the nanoscopic and
macroscopic levels, the behaviour of grain-level interactions in hetero-
structured materials is comparatively less explored. The crystal plas-
ticity finite element modelling (CPFEM) method typically serves as an
advanced tool for investigating the impact of grain-level information on
larger scales, while simultaneously capturing the spatio-temporal dy-
namics of dislocation-related deformation processes. Research efforts on
investigating heterostructured materials via CPFEM can be classified
into three categories. The first type is based on classical local CPFEM
where the grain size effect is excluded. For example, CPFEM has been
adopted for the investigation of cracks in gradient aluminium [25] and
graphene/aluminium composites [26]. A local CPFEM was employed for
the investigation of interfacial characteristics of metal matrix compos-
ites [27,28]. Although the classical CPFEM method allows for a direct
grain-level determination of interactive mechanisms, the presence of
significant dislocation hardening, and the resulting size effect, is
neglected. During uniaxial tension, the non-uniform deformation-in-
duced GNDs contribute to the strain hardening of heterostructured
materials through forest hardening [29,30]. Thus, such classical crystal
plasticity models are unlikely to be capable of capturing correctly de-
formations arising at grain boundaries [31]. The second type of CPFEM
adopted for the investigation of heterostructured materials considers the
grain size effect based on the Hall-Petch law [32-34] or experimentally
defined functions [35]. A size-dependent crystal plasticity model con-
taining dislocation slipping and deformation twinning was developed
for the investigation of gradient nanostructured Twinning Induced
Plasticity steels [36]. Damage evolution and mechanically driven grain
growth during the deformation of gradient nano-grained materials were
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also considered into the constitutive model to study the role of micro-
structure gradient in the overall plastic response [37]. CPFEM was also
adopted to study the strengthening mechanisms of gradient medium
entropy alloys [38]. Synergistic enhanced mechanical properties of
gradient nanostructured metals were considered in [35] using
size-dependent CPFEM where the dislocation density distribution relied
on experimentally defined functions instead of a phenomenological
Hall-Petch relation. This second type of CPFEM models typically in-
troduces grain size dependent equations, which usually rely on extensive
experiments and the calibration of required parameters. In comparison,
the third type of CPFEM models naturally captures the extra hardening
due to inhomogeneous plasticity. Such models physically describe the
collective behaviour of dislocations associated with crystallographic
relationships between adjacent grains. This modelling approach pro-
vides more physical meaning and represents an ideal tool for revealing
the deformation mechanisms of metallic materials rather than
mimicking stress-strain relations [5]. Such a non-local CPFEM approach
coupled with GNDs and related kinematic hardening in gradient grained
materials was developed in [5]. However, grains were not spatially
resolved in this work as the authors used a homogenisation scheme
when modelling the whole specimen. Such homogenisation scheme can
describe the deformation heterogeneity between grains but it neglects
such heterogeneity inside grains [39]. Mutual interactions of slip
localisation processes at variable distances within the same grain or in
neighbouring grains can affect grain deformation [40]. Thus, the effect
of microstructural variations in heterostructured materials on the
incipient plasticity and dislocation mechanisms remains largely unex-
plored. The explicit modelling of heterogeneous grained metals in
large-scale polycrystal simulations can help accelerate microstructural
design for improved strength and ductility. Of the many polycrystalline
deformation modelling tools, the ones that should best meet the above
challenges combine CPFEM and a full-field mechanical approach [40].
Nevertheless, recognising the significance of strengthening mechanisms
and damage initiation is vital in constructing a comprehensive under-
standing of strengthening in metallic heterostructured materials. In a
recent study, full field CPFEM has been adopted for the investigation of
the low-cycle fatigue property of IN718 [41]. However, this was ach-
ieved in the context of a homogeneous-grained material and thus, not in
the context of heterostructured materials.

In summary, while a non-local CPFEM model was developed for the
investigation of heterostructured materials in [5,42], grains were not
explicitly considered in these studies. As a result, mechanisms such as SB
and grain rotation could not be captured. In light of this knowledge gap,
a non-local full-field CPFEM model, which explicitly accounts for the
interaction between dislocations and grain boundaries, is developed in
this work. The non-local characteristic of the developed model is ach-
ieved by explicitly calculating GNDs at each integration point to account
for the spatial re-distribution of dislocations due to their motions. The
Johnson-Cook (JC) damage criterion is also adopted as a potential in-
dicator for predicting microcrack nucleation. The non-local full-field
nature of the model on the slip system level enables the direct investi-
gation of strain gradient effects caused by internal deformation het-
erogeneities. Besides, given that an element represents a part of a grain
in the established model, deformation heterogeneity can be considered
both across grain boundaries and inside grains.

The outcome of the developed model was validated using experi-
mental data from the literature. In particular, the study from Fu and co-
workers [4], who fabricated bi-layered high entropy alloy (HEA) spec-
imens utilising laser shock peening, was adopted as the benchmark
against which the results of the developed model could be compared.
This paper is organised as follows. In Section 2, the proposed non-local
CPFEM modelling framework is introduced. In Section 3, uniaxial tensile
simulations on homogenous grained HEAs with different grain sizes are
conducted to validate the model. In Section 4, the proposed framework
is applied to simulate the uniaxial tensile behaviour of a hetero-
structured HEA and the obtained results are compared with the
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experimental data given in [4]. In addition, the deformation charac-
teristics and strengthening mechanism of heterostructured materials are
comprehensively discussed. Lastly, the conclusions of the research
findings are presented in Section 5.

2. Numerical framework and FEM model

In this section, the development and implementation of a non-local
CPFEM framework are presented. The framework incorporates essen-
tial components, including the slip model, the hardening model, and the
calculation of GNDs, which contribute to the resultant back stress.
Additionally, the implementation details of the model are discussed,
providing a foundation for its application in simulating material
behaviour at the microscale.

2.1. CPFEM constitutive model

2.1.1. Slip model
The shear strain rate y* generated by the dislocation motion of slip
system a is expressed as [43]:

oo (N a

=7\ ) sen(=), )
TC

where 7, is the reference shear rate, n is the power law exponent, ¢ is

the shear stress acting on the slip system and ¢ is the critical resolved

shear stress (CRSS) which describes resistance to gliding dislocations.

The CRSS can be further formulated as [44]:

0
T::l = (T?) + 7’-jc‘[or + Txaub7 (2)

where (1‘5)0 is the initial CRSS, TJ‘ZW is the forest dislocation interaction

stress and 7{, is the dislocation substructure interaction stress.
2.1.2. Hardening model

It was pointed out in [45] that meaningful boundary conditions for
the dislocation evolution equations are required if they are to be applied
to problems with more complex interfaces or open boundaries.
Considering difference in properties between finer and coarser grain
regions, the Kocks-Mecking-Estrin (KME) dislocation density model was
adopted to account for dislocations generation and annihilation. Thus,
the evolution of forest density for slip system a, Apf, , is as follows [46]:

80, = (ki fofy — kel Thof, ) 171, 3)

where k;is the hardening constant, Atis the step time increment and k5 is
the annihilation constant. k;,/ p}‘or represents the rate of dislocation
storage by statistical trapping of gliding dislocations by forest obstacles.
ka(€, T)p)‘}or accounts for dynamic recovery by thermally activated

mechanisms such as dislocation cross-slip and climb, which can be ob-
tained through [44]:

gba( KT e>
ke =k (1- In—), 4
2 g De(be)® ) @

where gis the effective activation enthalpy, D%s the drag stress,
& reference slip rate.

The readers should note that while the first term of Eq. (3) primarily
governs the evolution of mobile dislocation densities, the interaction
with forest dislocations is accounted for through the hardening term,
which reflects the strength of forest interactions. This is a common
simplification in crystal plasticity models [46,51], as incorporating all
dislocation types explicitly would significantly increase computational
complexity without necessarily improving predictive accuracy. Besides,
while the explicit modelling of dislocation types and the effect of grain
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boundaries are beyond the scope of our current study, their effects are
effectively captured by the phenomenological parameters that represent
dislocation multiplication and annihilation. This simplification aligns
with the intent of mesoscale models like that developed in this study,
where the focus is on capturing aggregate behaviour rather than
resolving individual dislocation mechanisms.

The hardening caused by forest dislocations ;. can be expressed as:

7, = (G, /ot (5)

where { is the dislocation interaction parameter, G%is the shear modulus
and b%s the magnitude of the Burgers vector. Dynamic recovery is often
associated with thermal activation of dislocation cross-slip and climb,
and the formation of dislocation substructures is concomitant with these
recovery processes. The term substructure dislocation is used to describe
dislocations that are statistically stored within the substructure due to
deformation and contribute to the total dislocation density. Substructure
dislocations primarily arise from local plastic deformation processes and
are essential for capturing the hardening behaviour. As a consequence,
the rate of substructure dislocation Apgpdevelopment was coupled to
the rate of recovery of all active dislocations through [44]:

Apxub =4 § Jansubkzp;or‘}}a‘Atv (6)
a

where ¢ is the rate coefficient, f* is the fraction of recovery rate that
leads to substructure formation. Dislocation dynamics simulations show
that the contribution to hardening by dislocations stored within sub-
structures, such as cell walls, can be written with the following extended
Taylor law [44]:

1
7 7
be vV P, sub) ( )

Toub = kxubGaba vV psubln (
where kg is an empirical parameter.
2.2. GND calculation

The GND density is calculated from Nye’s dislocation density tensor

A [47], which can be expressed based on the curl of plastic deformation
gradient FP [48-50]:

A=(vxp ) (8)
Thus, the GND density p;yp can be obtained as:
Poo = (AT (AJ[A") (A}, ©

where [A] is the linear operator matrix calculated based on slip line
direction t, slip plane normal n and Burgers vector b. { A } is the vector
form of the Nye’s dislocation density tensor A. The GND density is
calculated using singular value decomposition, followed by inversion to
determine the dislocation densities. The solution is constrained to the
active slip systems [51], which are identified based on the total slip
magnitude of each slip system.

Via incorporating the effect of GNDs, the forest dislocation density
p?or in Eq. (3) can be further modified by the projection of GNDs:

pl(’?ND.s ? (10)

bl

b
/’}zor = A/’}zar + Z!natg| PGND.e
b
where t? is the dislocation line direction, n%is the slip plane normal, s® is
the slip direction. The calculation of hardening caused by forest dislo-
cation T_?or in Eq. (5) and substructure dislocations Apgy in Eq. (6) are
updated accordingly. p%, can be obtained as:

Prot = Pup + \/(paGND.e>2 + (paGND,s>2' an
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A more detailed introduction regarding the fundamental aspects of
the developed numerical framework including the definition of grain
rotation can be found in [51,52].

2.3. Back stress model

Physically, the back stress results from the spatially heterogeneous
distribution of GNDs [5,53]. High energy X-ray diffraction microscopy
techniques proved that even at lower length-scale, the GND back stress
model is in close agreement with the thermodynamic origin of back
stress in a pure continuum mechanics framework of crystal plasticity
constitutive relations [54]. Besides, it involves only one unknown
parameter and enables one to initialise back stress at each point within a
microstructure in the crystal plasticity analysis [54]. This is favourable
considering the significant amount of initial dislocations induced by
laser shock peening in the experimental work from Fu et al. [4], which is
considered here for evaluating the outcomes of the model. In the context
of this work, where the focus is on developing a full-field non-local
crystal plasticity finite element model to investigate cooperative
strengthening mechanisms in metallic heterostructured materials, it is of
interest to probe the effect of GND-induced kinematic hardening on the
strain hardening behaviour. Thus, following the work in [55], the back
stress x* caused by GND density on slip system p¢,,, was calculated as:

Xﬂ = KG"b* V pacnm 12)

where, K is a scaling constant. the shear modulus G*used for each slip
system is the macroscopic shear modulus of the material, which is
assumed to be the same for all slip systems. It is noted that the back stress
in Eq. (12) is formulated based on the magnitude of stress and does not
explicitly consider its sign. This approach aligns with the assumption
that the kinematic hardening evolution is driven by the absolute value of
plastic deformation rather than the direction of the stress tensor com-
ponents. This simplification is consistent with similar models in the
literature [55].
Eq. (1) was further modified as:

o (I ="
7 =70 (T sgn(z® —x%). 13)
c
Thus, this model connects the mathematical description of kinematic
hardening, in the context of crystal plasticity, to the underlying mech-
anisms at the microscopic level.

2.4. Damage model

Stress mismatch between two regions results in high triaxiality [56,
571, which is a key damage characteristic [58]. Thus, a reasonable
damage model should be developed to investigate damage nucleation in
heterostructured materials. Herein, the JC dynamic failure model,
proven to be robust for microscale processes affected by large de-
formations [59,60], especially within a CPFEM framework [61], was
adopted as the damage criterion. The JC failure model comprehensively
includes the effect of strain hardening, strain rate and temperature.
More specifically, the JC failure model is based on the calculation of the
equivalent plastic strain, which is expressed as follows:

pl
@ (dy + de® (1 +din () ) (14 dst =10 14
f 1 2 4 é() STmer 9

where d; to ds are material damage parameters, v is the stress triaxiality

ratio, & is the equivalent plastic strain rate, &g is the equivalent refer-
ence strain rate, T is the current temperature, T is the reference tem-
perature and Ty, is the material melting temperature. A summation of

incremental failure strain AE}’I was carried out over all increments for
assessing the failure criterion, o [62]:
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-5(5)

where E?l is equivalent plastic strain. Failure is reached when this failure

criterion, o, reaches a value equal to “1".

2.5. Model implementation

The developed non-local CPFEM model was implemented into a user-
defined material subroutine (UMAT) [31,63,64]. The tensile simulations
were performed with the commercial FEM software ABAQUS. Table 1
shows the material properties adopted in this work. As mentioned
earlier, the experimental data used in this research to validate the
developed model were those reported by Fu and co-workers [4], who
investigated the heterostructured CrFeCoNiMng 75Cug 25 high entropy
alloy. The studied HEA has face centred cubic (FCC) crystal structure,
and the dominant slip system is {111}<110>. As material properties for
this specific alloy are not all available from the literature, care was taken
to select values relevant for this HEA.

3. Uniaxial tensile response of homogeneous HEA specimens

Before investigating the deformation behaviour of the bi-layered
HEA specimen considered in this work, the tensile response of each
separate homogeneous polycrystalline regions was simulated first. In
this section, simulations were carried out to validate the ability of the
developed model to capture the GND-induced effect and corresponding
mechanisms. In particular, five homogeneous-grained models with grain
size ranging from 5 pm to 100 pm were considered.

3.1. CPFEM modelling

A 2D model was employed to ease the computational burden. In
particular, representative volume elements (RVEs) consisting of 32
randomly oriented grains as displayed in Fig. 1(a), were employed for
the homogeneous-grained material simulations. The initial flow stress of
FCC polycrystals depends both on the grain size and the initial dislo-
cation density [5] and samples with the same grain size and dislocation
density distribution, but randomly generated grain orientation, exhibit
varied mechanical properties. In order to avoid the influence of the

Table 1
Material properties.

Parameter Symbol Value
Elastic moduli [65] C11 264.6 GPa

c12 184.8 GPa

C44 112.9 GPa
Magnitude of the Burgers vector [66] b 0.252 nm
Power law exponent n 10
Initial CRSS 2 101.5 MPa
Reference slip rate %o 0.001
Hardening constant k1 1
Dislocation interaction parameter 4 0.9
Effective activation enthalpy [66] g 3x1074
Drag stress [66] D® 500 MPa
Reference slip rate o 1x107
Rate coefficient [44] q 4
Fraction of recovery rate I 20
Empirical parameter ksup 0.086
References strain rate (s~ 1) Eref 1
Initial GND o 1013
Scaling constant of back stress [55] K 0.4
Johnson Cook damage parameters [62] d; 0.54

ds 4.89

ds -3.03

dy4 0.014

ds 1.12
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Fig. 1. (a) RVE containing 32 randomly orientated grains generated using the Voronoi algorithm and boundary conditions adopted during the finite element
simulations. Simulated (b) stress-strain curves and (¢) GND densities for homogeneous HEA polycrystals with grain sizes ranging from 5 pm to 100 pm. Results
without GND hardening are also shown in (b) for comparison. Contribution of (d) back stress hardening and (e) GND-induced isotropic hardening to the flow stress
for homogeneous HEA specimens with grain sizes in the range of 5 pm to 100 pm. These figures highlight a marked increase in strain hardening after the yield point
with decreased grain size. The size effect is less significant when the grain size is above 60 pm.

initial dislocation density, it was set to 0.1/ pm? in all cases studied in
this section. In addition, the grain orientation was kept constant be-
tween the different samples simulated here. The polycrystalline models
with varying grain size were generated using the open-source software
Neper [67]. They displayed the same grain morphology and were dis-
cretized using CPS4 elements. In other words, the parameters used for
the validation work reported in this section, including grain orientations
and initial dislocation density, were all identical apart from the grain
size. In this way, the effect of the grain size could be isolated and
effectively studied between the five homogeneous-grained models
considered. An initial mesh sensitivity study showed that the mesh
resolution adopted was sufficiently high for the modelled homogeneous
polycrystals, as shown in the Appendix. To simulate uniaxial tensile
deformation, displacement constraints of Uy = 0 and Uy, = 0 were
applied on the lower and left surfaces, respectively as displayed in Fig. 1
(a). Furthermore, for ease of data post-processing, a coupling constraint
was applied to all the nodes on the top surface and the reference point to

ensure that their displacements and reaction forces along the y-axis were
the same. The tensile displacement was applied at the reference point at
a constant strain rate of 7.14 x 107 s}, aligned the experimental
loading condition reported in [4] by Fu and co-workers. The material
parameters adopted for this constitutive model were summarised earlier
in Table 1.

3.2. Validation of the constitutive model and parameter calibration

Fig. 1(b) and (c) show the simulation results for the five homoge-
neous polycrystalline specimens with grains sizes ranging from 5 pm to
100 pm. Engineering stress-strain curves were computed from the force-
displacement data obtained with the simulations. As shown in Fig. 1(b),
all samples exhibit increasing flow stress with increasing strain, indi-
cating strain hardening. It can also be observed that the flow stress in-
creases gradually with the decrease of the grain size. Thus, it can be said
that the developed model can predict the grain size effect without
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introducing any grain size-dependent parameters in its set-up. When the
grain size increases above 39 pm, the simulated stress-strain curves
display minor variation, indicating that the grain size effect becomes
rather weak. This is corroborated with the data given in Fig. 1(c) as the
GND density tends to stabilise and be minimal at this grain size and
higher. The stress-strain curves simulated without considering GND
hardening were also obtained for all five specimens. However, these
curves overlapped since the grain orientation was identical for all five
cases simulated. For this reason, only one curve labelled “no GND cases”
is displayed in Fig. 1(b) for comparison. From Fig. 1(b), it is also noted
that the grain size does not contribute to the elastic limit, but only
significantly affects the flow stress during the plastic deformation stage.
Besides, while all simulated specimens show strain hardening, the strain
hardening rate increases as the grain size decreases. This coincides with
experimental results obtained from FCC metals [68] and the simulation
data reported in [5,69]. The above results indicate that the developed
model can be utilised to study grain size-dependent problems such as
those for heterostructured materials.

International Journal of Mechanical Sciences 288 (2025) 110009
3.3. Grain size effect

The back stress was calculated based on the simulated GND density
following Eq. (12). To study their respective individual influence on the
strain hardening behaviour, the GND-induced kinematic hardening i.e.,
the back stress, and the GND-induced isotropic hardening were sepa-
rately assessed. Figs. 1(d) and 1(e) show the contribution of the back
stress and of the GND-induced isotropic hardening on the flow stress,
respectively. Fig. 1(d) indicates that the back stress emerges at the onset
of plastic deformation. This agrees with the experimental findings from
[29] and the numerical findings reported in [5] for gradient copper. The
back stress keeps increasing during the whole deformation stage. This
should result from the fact that physically, back stress is due to the
spatially heterogeneous distribution of GNDs. In the initial deformation
stage, back stress is linked to the piling up of GNDs at grain boundaries
(GBs). During subsequent deformation, dislocation structures, such as
cells and walls, also lead to heterogeneous distribution of dislocations,
which further enhances back stress. As seen in Fig. 1(d), in the simulated
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Fig. 2. Distribution of (a) the total GND density, (b) von Mises stress and (c) &, in the homogeneous grained HEA with grain size of 5 ym, 14 pm and 100 pm at a
strain of 20 %, (d) example of experimental &, distribution on copper with a grain size of 4.8 ym obtained in [72] using Digital Image Correlation. e, represents the
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specimens with larger grain sizes, back stress hardly contributes to the
flow stress, while it becomes more and more pronounced with
decreasing grain size. This conclusion agrees with experimental results
where metals with smaller grain sizes showed a stronger Bauschinger
effect [5].

From Fig. 1(e), it can be seen that the GND-induced isotropic hard-
ening increases with the strain. This agrees with the experimental results
from [70] and the numerical predictions of [5,17]. It is also observed
that GND-induced isotropic hardening is higher than the GND-induced
kinematic hardening under the same applied strain for all grain sizes
considered. Having said that, the plots shown in Fig. 1(d) and (e) suggest
that when the grain size is larger than 39 pm, both GND-related effects
can be neglected. Overall, based on these results, it can be inferred that
the smaller the grain size, the stronger the GND-induced isotropic
hardening and back stress. Besides, both GND-induced isotropic hard-
ening and back stress emerge in a significant manner in the initial
deformation stage for smaller grain size specimens and increase gradu-
ally afterwards.

To further understand the effect of GNDs on the deformation
behaviour of the simulated polycrystals, Fig. 2(a) exhibits the evolution
of the GND density across the modelled specimen, as well as the von
Mises stress and ey, for polycrystals with grain size of 5 ym, 14 ym and
100 pm. The GND density depicted here was calculated as:

12
PGND:Z({/’QJF}/’:D' 6)
a=1

The above is a summation of absolute value of 12 edge dislocations,
Phe» and 6 screw dislocations, pS,, on 12 slip systems. From Fig. 2(a), it is
observed that the smaller the grain size, the more distributed the GND
density is [45]. Moreover, the GNDs tend to accumulate near the GBs
and especially at the triple junctions [71]. With the increase of grain
size, the dislocation density decreases, and the magnitude of the dif-
ference in density between the GB regions and the grain interiors
become smaller and smaller, indicating that the deformation in speci-
mens with larger grain sizes is more homogeneous as evidenced by the
von Mises stress distribution shown in Fig. 2(b). The strain along the
tensile direction is displayed in Fig. 2(c). The deformation becomes
more inhomogeneous with the appearance of dense SBs when the grain
size decrease to 5 pm. The experimental strain distribution along the
tensile loading direction on copper with a grain size of 4.8 pm obtained
in [72] is also displayed in Fig. 2(d) for comparison. A good alignment is
observed between the simulated results obtained here and those of [72]
due to the grain size and FCC crystalline structure similarities.

In summary, based on the results presented in this section for
homogeneous-grained specimens, it can be said that the simulations are
reasonably consistent with experimentally-observed mechanical re-
sponses reported in the literature. Thus, the developed framework was
further employed to investigate micromechanical mechanisms for het-
erostructured materials as these can be challenging to study experi-
mentally. In next section, the local stress and strain distributions as well
as the overall mechanical response are investigated in the case of the
HEA heterostructured material from [4].

4. Uniaxial tensile response of a bi-layered HEA specimen

After the successful validation of the developed framework, in this
section, the tensile deformation of a bi-layered HEA is simulated to
investigate its strengthening mechanisms during deformation. Firstly,
grain sizes of 14 pm, 39 pm and 60 pm were adopted to adhere to the
grain size after LSP, recrystallization annealing (RA) and casting treat-
ment, respectively, based on the work of Fu et al. [4]. Then, the
strengthening mechanisms including SB formation and GND hardening
of bi-layered HEA were investigated via the developed model.
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4.1. Finite element model

The geometric model was divided into two regions, namely 1 and 2,
as shown in Fig. 3(a), with each one characterised by a specific grain size
according to the experimental data from Fu et al. [4]. In particular, re-
gion 1 had a grain size of 14 pm, while it was 46 pm for region 2. The
interface between both regions was assumed to be perfectly bonded
using plane strain condition. Following the LSP operations conducted in
[4] by Fu and co-workers, the thickness of the surface and core layers
was 300 pm and 700 pm, respectively. Accordingly, the thickness of the
two regions in the model were set as 90 pm and 210 pm to keep the same
ratio while reducing the computational burden. The overall size of the
model was 300 pm along the x-axis and 600 pm along the y-axis. Uni-
axial tension was applied in the y-direction at a strain rate of 7.14 x
10~*/s on the reference point shown in Fig. 3(a). This reference point
was also coupled with the top surface. The bottom surface was fixed on
all degrees of freedom. Three paths of interest were selected as shown in
Fig. 3(a) for plotting and investigating a number of state variables. As
displayed in this figure, “Path A” traverses both regions in the middle of
the specimen along its thickness. “Path B” corresponds to the interface
between the two regions and “path C” cuts across the middle of region 1
in the direction of the y-axis, i.e. the loading direction.

4.2. Uniaxial tensile response

4.2.1. Stress-strain curves

Fig. 3(b) and (c) display the simulated stress-strain curves associated
with different states of the HEA sample processed by Fu et al. [4]. More
specifically, Fig. 3(b) displays results for cases where the specimen had a
homogeneous grain size distribution, i.e. not in a bi-layered state. This
corresponds to “as-cast” and the “recrystallization annealed” (RA) sce-
narios for which the grain size was 60 pm and 39 pm, respectively. The
experimental tensile data obtained in [4] for these two cases are also
displayed in Fig. 3(b) for comparison. Different from the previous sec-
tion, where the dislocation density was intentionally set to 0.1/ pm? for
all five models to isolate the effect of the grain size, the dislocation
density in the as-cast and the RA model were set to 15/ pm? and 600/
pmz based on the report of [4], while the remaining parameters
remained unchanged. Overall, the simulation results displayed in Fig. 3
(b) align with experimental data reasonably well for both cases. Slight
deviations between the experimental and simulation results are
observed mainly during the initial yielding stage. Thus, the reliability of
the developed model is judged to be acceptable based on this compari-
son. In Fig. 3(c), the simulated and experimental engineering
stress-strain characteristics of the bi-layered HEA are also compared. In
this case, the experimental data considered from [4] are those following
LSP. The simulated results for the stand-alone region 1 and for the
standalone region 2 are also plotted for comparison. It can be seen from
this figure that the simulated model with the finer grain size displays a
higher flow stress and a flatter hardening curve, indicating limited strain
hardening ability.

It should be noted that the values of the grain size considered here
are fairly large, i.e. 14 pm and 46 pm for region 1 and 2, respectively. As
reported in [73] and [32], a larger mechanical heterogeneity is benefi-
cial for optimising the strength-ductility synergy. For this reason, it is
expected that both GND-induced isotropic hardening and back stress
hardening should have more significant effects on the strain hardening
for samples combining nano-scale grains in the surface layer and
micro-scale grain in their core [5].

4.2.2. Shear bands formation

In contrast with the homogenisation scheme used in [5,37] for the
CPFEM simulation of gradient structures, one of the advantages of the
full-field model developed here is that it enables the investigation of
deformation morphology at grain level. This means that the distribution
and evolution of local strain bands, also known as SBs [8,74] can be
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Fig. 4. Distributions of (a) &, and (b) &, in the simulated bi-layered HEA at strains of 2 %, 5 %, 10 %, 15 % and 20 %, with ¢, and ¢, referring to strain along xand y
direction respectively. These figures highlight that SBs initiate at small strain in both regions and exhibit stable increase with elevated applied strain.



S. Zhu and E. Brousseau

simulated. Fig. 4(a) and (b) show the local strain, ¢,, along the thickness
and gy, in the tensile direction, respectively. It can be observed from
these two figures that dense SBs are distributed over the sample during
tensile deformation, and especially in region 1. These SBs tend to be
orientated at about 50° with respect to the tensile axis (see Fig. 4(b)),
which agrees with in-situ DIC analyses in [3,74-76]. Such dispersed SBs
undertake large strain but none of them carries excessively high strain
concentration, thus resulting in locally inhomogeneous, but globally
uniform, strain distribution [3]. It is also observed from Fig. 4 that the
SBs density decreases significantly in region 2. This implies that the low
strain hardening capability of the harder layer, i.e., region 1, provides
favourable conditions for the formation of SBs, as also evidenced in [3].

To further quantify the evolution of SBs under different tensile
strains, the size and distribution of SBs along “Path A” and “Path C”
(defined earlier with Fig. 3(a)) were statistically analysed as shown in
Figs. 5. The larger peaks observed in these figures correspond to the
location of SBs. From Figs. 5(a) and 5(c), which respectively display
values for e, and €, along “Path C” (i.e., within region 1 and aligned with
the tensile direction), it is seen that local strain intensities i.e., whether
within SBs and in the surrounding matrix, increase with the applied
strain. With further increase in applied strain, as displayed in Fig. 5(c)
and Fig. 5(d), the increased amplitude in strain variation indicates that
dense SB clusters are introduced by the extension and interaction of
incipient SBs, which prevent the premature failure of heterostructured
HEAs. While the width of SBs in the heterostructured HEA generally
remains constant, their intensity increases linearly with the applied
tensile strain as confirmed in Fig. 5(d). This result also aligns with the
experimental finding from Fu and co-workers [4].

Figs. 5(b) and 5(d) show the distribution of SBs along “Path A”,
which crosses both regions through the middle of the specimen. During
initial loading i.e., for a strain of 2 %, the values for &, and ¢, in region 2
remain relatively constant along this path, while these fluctuate in
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region 1. This indicates that SB nucleation originates in region 1, with
the smaller grain size, and then propagate along the shear direction (see
Fig. 5(d)). With increasing applied tensile strain, SBs also form in region
2 but with a lower density and magnitude. The local strain along both
directions in region 1 is more heterogeneous than that in region 2 during
loading, indicating a higher density of SBs. Subsequently, such strain
gradient leads to differing plastic deformation behaviour between re-
gion 1 and region 2 during tensile loading. Based on Figs. 5 (b) and 5(d),
it is noted that, while the respective magnitudes of ¢, and ¢y across both
regions are generally comparable regardless of the applied strain, it is
interesting to see that these strain values in region 2 tend to increase
more steadily and smoothly. This suggests that the plastic deformation
capacity in this softer region is higher than that in the harder region 1,
which contains the smaller grains. In other words, plastic deformation is
mainly driven by the core region 2. This result is aligned with the
experimental findings of Fu and co-workers in [4] and with the
stress-strain results shown earlier with Fig. 3(c), where the modelled
bi-layered HEA displayed a work hardening behaviour closer to that of
the stand-alone region 2.

4.2.3. GND hardening

In this section, the distributions of several pre-set internal state
variables, namely GND density, von Mises stress and back stress, are
analysed to understand grain-scale and sample-scale deformation fea-
tures of the modelled bi-layered HEA. For heterostructured materials, in
addition to GNDs pile-up near the grain boundaries, i.e., grain-scale
GNDs, non-uniform deformation can arise due to the strain partition-
ing between the coarse-grained and the fine-grained layers resulting in
the formation of sample-level GNDs [18,77]. Fig. 6(a) provides the
simulated GND density at a strain of 20 % along “Path A”. The inset
included in the figure also shows the distribution of GNDs over the entire
bi-layered specimen at this strain rate. It is observed from this simulated
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Fig. 5. Distributions of local strain €, (thickness direction) on (a) “Path C” i.e., within region 1 along the tensile direction, and (b) “Path A” i.e., along the thickness of
the specimen across both regions, for the simulated bi-layered HEA at different tensile strains. Distributions of local strain ¢, (loading direction) on (c) “Path C” i.e.,
within region 1 along the tensile direction, and (d) “Path A” i.e., along the thickness of the specimen across both regions, for the simulated bi-layered HEA at different
tensile strains. SBs initiate at small strain; the width of SBs in the modelled bi-layered HEA generally remains constant while their intensity increases linearly with the

applied tensile strain.
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Fig. 6. GND density in the modelled bi-layered HEA at a strain of 20 % along (a) “Path A”, and (b) “Path B”. The red solid line and black solid line in (b) represent the
stand-alone and bi-layered HEA, respectively. (¢) Distributions of GNDs at strains of 2 %, 5 %, 10 %, 15 % and 20 %. Simulated (d) von Mises stress in the modelled
bi-layered HEA along “Path A” for a strain of 20 % and (e) distributions of von Mises stress at strains of 2 %, 5 %, 10 %, 15 % and 20 % for the entire bi-layered HEA
modelled. The GND density and von Mises stress are significantly higher and non-uniform in region 1 than that of region 2, displaying a stable increase with elevated

applied strain.
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data that the GND density is higher in region 1 and that dislocations
accumulate preferentially at the grain boundaries. These findings also
coincide with the experimental observation reported in [78] where GND
density decreased from small grains to large grains in a CoCrFeNiMn
gradient grained HEA. The higher dislocations density observed here in
region 1 increases significantly with the applied strain during plastic
deformation as shown in Fig. 6(c), which agrees with the experimental
findings of [4]. From a qualitative viewpoint, Fig. 6(c) also suggests that
a very small amount of GNDs formed at the interface between both re-
gions. To gain further insights into the formation of such sample-level
GNDs, Fig. 6(b) shows the simulated GND density at a strain of 20 %
at the interface between regions 1 and 2 i.e., along “Path B”. For com-
parison, the figure also includes the simulated GND density on the
equivalent location on region 1 but when considered as a stand-alone
region i.e., along its right edge when viewed from the top. Although
slightly larger fluctuations of the GND density are observed in the
bi-layered HEA compared to the stand-alone sample, it could be said that
overall, the magnitude of GNDs at the interface for the bi-layered
specimen is similar to that of the stand-alone model of region 1. This
means that the formation of sample-level GNDs is not obvious for the
bi-layered specimen modelled here. This is likely due to the fact that the
difference in mechanical properties between both regions considered in
this work is not significant as the difference in grain size between both is
relatively small, i.e. a factor of 3.
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Overall, the results given in Fig. 6(a-c) demonstrate that, for the pair
of grain size values considered in the modelled bi-layered HEA i.e., 14
pm and 46 pm, there is no obvious concentrations of GNDs at the
interface between regions 1 and 2. This observation is aligned with the
results shown earlier with Figs. 5(b) and 5(d), which plotted the simu-
lated strain at the interface. For the specific bi-layered HEA material
modelled here, numerous grain-scale GNDs accumulate around GBs,
especially in region 1, to accommodate the strain gradient between
adjacent grains. Given that only a small amount of sample-level GNDs
accumulate along the interface, it can be said that HDI strengthening
originates largely from the accumulation of grain-scale GNDs in the case
modelled here, rather than from sample-scale GNDs. This aligns with the
experimental findings in [79] where the authors found that a only a
small number of sample-scale GNDs accumulated around the interface
between the coarse- and fine-grained regions of copper-brass laminates.
Instead, the authors found that a large number of grain-scale GNDs
accumulated around GBs to accommodate the strain gradient resulting
from the heterogeneous deformation between neighbouring grains. The
average grain size of the specimens considered by these authors in [79]
was ~5.8 pm for the copper layers and ~1.1 pm for the brass layers.
Thus, both grain sizes were on the microscale and there was a factor ~6
between them, which is somewhat comparable with the configuration of
the specimen modelled here. It should be noted however, that the
copper-brass laminates fabricated in [79] exhibited a ~7 pm gradient
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Fig. 7. Simulated distributions of back stress on the 12 slip systems in the modelled bi-layered HEA at a strain of 20 %. The back stress in region 1 is higher than that

of region 2.
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interface between the coarse- and fine-grained regions. This interface stress values is noted between the grain interiors and the GBs in region 2.
was composed of a gradient distribution of Zn and Cu elements. Such Fig. 7 shows the distribution of back stress on the 12 slip systems at a
gradient interface, referred to as a “gradient transition layer” in [79] is strain of 20 %. Similar to the simulation data reported above for the von
not considered here. Indeed the interface between the HEA layers was Mises stress and the GND density, qualitatively it is observed that the
modelled as a sharp transition in this work based on the experimental back stress increases with decreasing grain size. This is aligned with the
report in Fu et al. [4]. stress-strain curves shown in Fig. 3(c) and with experimental measure-

Fig. 6(d), which presents the distribution of the von Mises stress ments reported by [80,81], as well as with numerical predictions from
along “Path A” at a strain of 20 %, shows that the von Mises stress in [5]. This result also indicates that back stress originating from the
region 1 is the highest. That is to say, region 1 carries more stress and smaller grains should be a non-negligible factor when considering back
region 2 experiences more plastic deformation. This agrees with the FEM stress hardening in heterostructured materials.

simulations presented by Wang and co-workers in the case of poly-
crystalline metals with gradient grain sizes [34]. Furthermore, the stress 4.2.4. Damage initiation

along region 2 appears more homogeneous than that in region 1, where As presented earlier, the JC damage initiation criterion was also
GNDs play a significant hardening role and no significant difference in incorporated into the CPFEM framework. From Fig. 8(a), which presents
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Fig. 8. (a) Distribution of JC damage factor values within the modelled bi-layered HEA for an applied strain of 20 %; (b) a locally enlarged region extracted from (a),
composed of 5 grains with one of them displaying strong misalignment relative to the other four; evolution of (c) SBs and (d) damage within this extracted region for
strain values between 0.2 % and 20 %; (e, f, g) crystal orientation within this region along the x, y and z direction, respectively, for an applied strain of 20 %, and (h)
accumulated slip within this region, again for 20 % strain. LE22 represents the strain along loading direction. Red regions denote larger values, while blue regions
represent smaller ones. These figures display that the SBs, JC damage, crystal rotation and slip accumulation tend to occur along grains sharing similar orientations.
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the simulated damage criterion values for the whole bi-layered HEA
specimen for an applied strain of 20 %, it can be seen that region 1 is
relatively more prone to damage. This was reported at triple junctions
formed by grains in [82,83]. SBs tend to form in alloys with fine grains
due to their work hardening capability and eventually become crack
initiation sites due to stress concentration [84,85]. Moreover, adjacent
SBs can eventually connect with each other with the increase of tensile
strain, as seen in Fig. 8(c) when the strain eventually reaches 20 %.

It was reported that SBs are likely to transmit into neighbouring
grains with low GB misorientations [86]. MD simulations on a smaller
grain size HEA also revealed that the rotation of grains can be triggered
by grain boundary sliding and grain boundary migration as dominant
mechanisms [71]. High intra- and inter-granular crystal rotation are
plasticity mechanisms common to samples, which exhibit high me-
chanical performance [35]. Thus, the effect of grain orientation and
rotation on the formation and propagation of SBs were also investigated
in this work. In particular, the evolution of a typical SB spanning across 5
grains is analysed. This group of 5 grains is displayed in Fig. 8(b)
including the respective Euler angles. Specifically, grains ID 85, 290, 36
and 209 exhibit similar orientations while the grain ID 158 has higher
misorientation angles.

Figs. 8(c) and 8(d) present the SB and the JC damage factor evolution
within this 5 grain region for strain values ranging from 0.2 % until 20
%. As seen in Fig. 8(c), the SB initiates at a triple junction for grains with
significant different orientations. With the increase in strain, the SB then
propagates within grains that share similar crystal orientations, i.e.
grains ID 85, 290, 36 and 209. This simulation result agrees with
experimental studies reported in [87] where microcracks occurred in
both GBs and intra-grains under tensile conditions for a FCC metal with a
homogenous composition of micro- and nano-scale grains. From Fig. 8
(d), it can be seen that there is a good alignment between the values of
the JC damage criterion and the SB evolution. This suggests that the JC
damage criterion could be employed as a suitable indicator to locate
potential crack nucleation sites. For an applied strain of 20 %, Fig. 8
(e-g) shows that an appreciable amount of grain rotation took place for
those grains traversed by the SB, in alignment with the experimental
findings in [84]. In contrast, grain rotation is less severe for the grain ID
158, which had a higher initial misorientation compared to the other
four grains. This observation is also in line with the experimental find-
ings of [86] where the authors reported that the orientation of neigh-
bouring grains affected the development of slip bands and their potential
transmission. This is because the constraints placed on grains can be
altered both by the grain size and the orientation-compatibility with
neighbouring grains. Electron diffraction and imaging of the deforma-
tion sub-structures near SB interfaces reported in [88] also showed that
an important part of the localization mechanism is non-uniform lattice
re-orientations that cause a “geometrical softening” of the lattice. Thus,
both the grain orientation distribution and the gradient distribution are
deemed to be important structural features influencing the mechanical
response [35]. Moreover, the accumulated slip in this 5 grain region is
also displayed in Fig. 8(h) for an applied strain of 20 %. It is evident that
the accumulated slip in the grain traversed by the SB is higher than that
in the grain not affected by the SB.

5. Conclusions

The paper presented a novel non-local crystal plasticity model,
which explicitly includes GNDs, back stress hardening and damage cri-
terion. Importantly, the model does not employ a homogenisation
scheme, which means that it can be employed to investigate dislocation-
mediated plasticity at grain-level for heterostructured materials. The
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model was implemented for a bi-layered HEA and its outcomes were
validated against experimental data available from the literature. The
model was able to confirm that the heterostructured HEA elicited het-
erogeneous deformation and consequent HDI strengthening during
tension. Comparatively, low strain and high stress were observed in the
region with smaller grains, while the coarser-grained region experienced
lower stresses but more extensive plastic deformation. The more specific
finding associated with this work are as follows:

The novel CPFEM framework developed here was able to reproduce
and confirm a number of known experimental findings, namely that a)
SBs and damage propagate among grains sharing similar orientation and
b) significant rotation and slip take place in grains subjected to severe
damage. Based on this, it is suggested that the properties of hetero-
structured materials could be further enhanced not only by controlling
the grain size and dislocation density gradients, but also by controlling
the initial grouping of grains and their respective orientations as well.
Explicit modelling of orientation information of polycrystalline grains
should be considered in future research. Indeed, a systematic study on
the effect of grain orientation should pave the way towards a quanti-
tative understanding of heterogeneous microstructures on the mechan-
ical behaviour of a broader class of heterostructured materials. For the
bi-layered HEA modelled here, GNDs accumulated at grain bound-
aries, rather than at the hetero-interface. Future work should investigate
whether a threshold exists with respect to the size ratio between fine and
coarse grain regions for which GNDs accumulation at interfaces becomes
more prominent than grain-scale GNDs. It is suggested that the JC
damage criterion could also be employed to characterise SBs evolution,
which in turn could lead to the identification of potential crack nucle-
ation sites.

It is worth noting that while this study focussed on a single phase bi-
layered heterostructured HEA, the CPFEM framework developed here
could also be applied to FCC/BCC alloys with different phases. It is also
worth mentioning that the presented simulations were based on a 2D
model with a focus on dislocation activities, and that this offers a
computationally efficient approach compared to 3D cases with multiple
mechanisms.
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Appendix. : mesh convergence

International Journal of Mechanical Sciences 288 (2025) 110009

To demonstrate that the mesh resolution is sufficiently high in this work, a 3D RVE with 10 grains is generated with different mesh numbers: 2304,
3600 and 4624, using Neper. The tensile stress-strain curves with different mesh resolutions are shown in Fig. A1 below. The results indicate that as the
element number increases from 2304 to 4624, the stress-strain curves nearly overlap. Therefore, to ensure the accuracy of the results and reduce the
computation cost simultaneously, 200 elements per grain are used for mesh in this work.
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Fig. A1l. Mesh convergence study on the developed framework.
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